Abstract We present a diode laser system optimized for laser cooling and atom interferometry with ultra-cold rubidium atoms aboard sounding rockets as an important milestone towards space-borne quantum sensors. Design, assembly and qualification of the system, combing micro-integrated distributed feedback (DFB) diode laser modules and free space optical bench technology is presented in the context of the MAIUS (Matter-wave Interferometry in Microgravity) mission.
Introduction
Since their first realization in 1991 [1] light pulse atom interferometers have matured into usable quantum sensors such as gravimeters [2] , gradiometers [3] or gyroscopes [4] . Along with technological developments atom interferometers have become mobile sensors with applications in geodesy [5, 6, 7] and future developments will enable their utilization in the field for geophysics, seismology or navigation [8] . Moreover, systems featuring atom interferometry with various atomic species have been developed for high precision tests of fundamental physics such as the Universality of Free Fall (UFF) as part of the Einstein equivalence principle (EEP) with single [9, 10] and dual species atom interferometers [11, 12] .
As the sensitivity of an atom interferometer scales with the free evolution time, systems aiming at high precision use large drop towers or atomic fountains to achieve the necessary measurement time [13, 14, 15] . Space missions ultimately allow for unprecedented interrogation times without the need for large system dimensions. Currently several international projects and studies are aiming for the realization of space based quantum sensors with potential applications in precision tests of fundamental physics [16] , gravitational wave astronomy [17] and gravity gradiometry based geodesy [18, 19] . Ongoing projects prepare for atom interferometry based quantum sensors on board of the International Space Station or a satellite [16, 20] . To perform these types of experiments, the payload's subsystems including the laser system need to be compact, robust and maintenance-free over the full time of the mission. Such laser systems are already in operation on earth-based microgravity platforms such as the Bremen drop tower or the Novespace zero-g airplane [13, 21] . The latter laser system for atom interferometry with rubidium and potassium at 780 nm and 767 nm is based on lasers in the telecommunication band and passed several qualification steps for space applications [22, 23] . Despite the high maturity of the telecommunication technology it requires a frequency doubling stage when used for atom interferometry with rubidium and potassium and the laser light switching and distribution has still to be performed in the near infrared region. Using diode lasers and optical amplifiers operating directly at the desired wavelengths is an alternative method without the need for frequency conversion modules. A laser system for laser cooling of cesium based on diode lasers has already been developed for operation of the Pharao atomic clock in the ACES mission [24] .
Within the scope of several projects, funded by the German Aerospace Cente (DLR), all critical technologies for diode laser based systems to perform atom interferometry on a sounding rocket were developed. This paper is structured as follows: Section 2 introduces the sounding rocket environment and the resulting requirements for laser systems to be operated on one. In Section 3 we present the key components of our laser system. It will perform efficient laser cooling in a 2D+/3D magneto-optical trap (MOT) assembly, state preparation, atom interferometry based on Bragg pulses with 87 Rb and detection within the MAIUS mission [25] during approximately six minutes of microgravity. Section 4 reports on the conducted qualification steps for the MAIUS laser system and on the optical reference onboard the TEXUS 51 sounding rocket to mission qualify the principal technologies before the MAIUS launch.
Measurements and performance details of the complete MAIUS payload will be presented in detail in future publications.
Sounding rocket as a laboratory in space
The MAIUS mission has the goal to perform atom interferometry with Bose-Einstein condensates for the first time in a space environment. This will be done on a sounding rocket flight from Esrange Space Center in Sweden scheduled for fall 2016. The experiment will be launched on a two stage VSB-30 rocket [26] . With the given mass of the experimental payload this rocket type will reach an apogee of 238 km and provide a microgravity time of approximately 6 minutes [25] .
The whole payload, depicted in Figure 1 (left), consists of a UHV chamber including an atom chip similar to the ones used for drop tower experiments [27] and fiber optical access for 2D+/3D MOT, detection and Bragg interferometry beams. It is housed in five stacked hull segments with a diameter of 500 mm together with the laser system, power supply and electronics. The laser system depicted in Figure 1 (right) is controlled by a dedicated electronic system and provides light for initial cooling of 87 Rb in a 2D+ MOT which loads a 3D MOT. The atoms in the 3D MOT are cooled further down using optical molasses are optically pumped for loading into the atom chip trap. After the evaporation to a Bose-Einstein condensate, atom interferometry is performed by a sequence composed of Bragg pulses [28] and the population in the interferometer output ports is detected by absorption imaging.
The advantage of long free evolution times compared to usual laboratory environments comes at the price of very limited space for all subsystems, constraints on the overall mass and the lack of a stable temperature environment. It additionally requires high stability due to high mechanical stress on the payload during launch and re-entry. In spite of these conditions, all systems have to perform accurately during the limited time of the sounding rocket mission that starts after the boost phase of the rocket. This is particular challenging for the laser system due to the high mechanical loads. During the boost phase of approximately 44 s the motors will cause accelerations of up to 13 g and vibrational loads of around 1.8 g RMS . Therefore the system and its components have to be qualified in vibration tests at levels of 5.4 g RMS and 8.1 g RMS , respectively, as a requirement from the launch provider.
The laser system needs to be reliably operating and must not show a critical degradation after integration in the rocket hull until launch and finally during the complete flight. There is no physical access to the individual parts of the laser system during ground operation after the final assembly. Therefore it is required to remotely monitor all needed system parameters, especially the power levels in the individual optical paths. Water cooling is available only before lift-off. After launch the temperature of the heat sink is controlled to about 1 K. During the sounding rocket flight the temperature of the payload structure will increase by approximate 5
• C and the thermal design of the laser system should guarantee operation at every period of the mission.
Laser subsystem technology
The previous section introduced the requirements for a laser system for rubidium BEC atom interferometry in space. In this section we discuss the key subsystems and describe the underlying technological approach.
Micro-integrated diode laser modules
The laser modules used for the MAIUS rocket mission are based on a versatile platform comprising semiconductor diode lasers and amplifiers, micro-optics and electronic interfaces altogether assembled onto robust microintegrated optical benches (MIOB) [30] with a footprint of only 80 mm × 25 mm. These modules are explicitly designed for rubidium BEC and atom interferometry experiments on a sounding rocket. This platform can be transferred to other wavelengths of interest by using appropriate semiconductor chips. The modules feature a master oscillator power amplifier (MOPA) configuration consisting of a distributed feedback diode laser (DFB) as the master oscillator (MO) with a linewidth of about 1 MHz followed by a tapered amplifier (PA) generating an output power of more than 1 W. The optical power emitted through the back facet of the DFB diode is monitored with a photo diode. Micro-isolators at the main output of the master oscillator with 60 dB isolation and at the rear with 30 dB isolation protect the DFB diode laser from optical feed-back. The DFB diode lasers operate at a temperature around 36
• C and with injection currents of 200 mA. The PA sections with the corresponding ridge-waveguide (RW) sections operate at 2000 mA and 200 mA, respectively.
The output of the PA is coupled into a polarization maintaining single mode fiber by means of a fiber coupler made from Zerodur as described in [31] . To ensure high mechanical and thermal stability the MIOB is clamped on a conductively-cooled package (CCP) made from copper, which is mounted on a Peltier element for stabilization of the MIOB temperature. Figure 2 shows a fiber coupled MOPA module mounted on such a CCP. An extensive description of the employed laser technology can be found in [32] . For operation of the MAIUS experiment four laser modules are used (see Figure 3a) . One of them is a DFB MO laser without a power amplifier, which is frequency stabilized to an atomic transition of rubidium and serves as the frequency reference for the three DFBbased MOPA modules (from now on called science lasers) as shown in Figure 3b . The laser system contains two additional MOPA modules, electrically connected with a separate set of calibrated electronics. This modules can be used as a replacement for a science laser by a single splice connection in case of malfunction before the launch.
Frequency stabilization
The light from every laser module passes a fiber-coupled optical isolator to reduce optical feedback and its power is monitored consecutively by means of an in-line photo diode. The light is then guided to polarization maintaining fiber splitters with a splitting ratio of 1:99 for the science lasers and 10:90 for the reference laser. The main part of the light from the reference laser is split into four usable ports, three of which are overlapped with the light from the science lasers (see Figure 3c ) in an allfiber based splitter system. The smaller fraction of the light from the reference laser is guided to a frequency modulation spectroscopy (FMS) module based on Zerodur optical bench technology [31] . The spectroscopy module is used for stabilizing the reference laser to the |F = 3 → |F = 3/4 crossover transition of 85 Rb using Doppler-free frequency modulation spectroscopy (FMS). An additional Doppler-broadened signal is generated as well and can be used for monitoring purposes.
The main part of the light from the science laser modules is guided to the switching and distribution module. The generated beat-notes are used for frequency offset stabilization of the science lasers. Light from the three overlapped output ports is guided onto fast photo diodes adhesively bonded to fiber collimators which are attached to the outputs of the beat splitter module.
Switching and distribution
The distribution of the light to the different fibers connected to the vacuum chamber as well as intensity switching and pulse shaping is realized in a switching and distribution module comprising a Zerodur-based free space switching module and a fiber-based distribution unit. The switching module is described in [31] . The module is realized on a Zerodur bench (with a footprint of 210 mm × 180 mm) with Zerodur based fiber collimators to inject the light into the module, HR-and AR-coated optics, acousto-optical modulators and finally Zerodur based fiber couplers at the module's output. For total extinction of spurious stray light a stepper motor driven shutter is implemented in front of every fiber coupler.
The module comprises the inputs from the three science lasers and six outputs connected with polarization maintaining fibers (see Figure 3d) . Light from laser #2 passes an AOM and the first diffraction order is used as Fig. 3 The MAIUS laser system. The reference laser (#1) is stabilized using FM spectroscopy (b) while the three science laser (#2-#4) are offset locked to the reference. The beat signals are generated by overlapping a small fraction of each laser light with the reference laser in the fiber based beat splitter system (c). The light generated by the three science lasers is distributed on an optical switching module bench made from Zerodur (d) with a footprint of 210 mm × 180 mm. The power splitting and overlapping for the 2D+ and 3D MOT is performed in a fiber splitter connected to the output of the Zerodur bench (e).
re-pumping light in the 2D+ and 3D MOT. The light from laser #3 passes an AOM and the first diffraction order is split into two paths. The first fiber output is used for 3D MOT cooling while the second is used for detection. The ratio between 3D cooling and detection light is adjusted by a wave plate and polarizing beam splitter (PBS) and remains fixed for the mission. Light from laser #4 is utilized for the 2D+ MOT cooling as well as for the Bragg interferometry pulses. The cooling light for the 2D+ MOT passes a PBS and an AOM, where the zeroth diffraction order is used. Since there is no need for fast switching for the 2D+ MOT light, switching is realized using a shutter only. The Bragg pulses are generated by two AOMs driven around 80 MHz with a frequency difference of n·15 kHz corresponding to a multiple of n of the two photon recoil frequency [13, 33] . All AOMs except the Bragg ones are usually in the on-state while the shutters block the beams. Before a pulse, the AOMs are then switched off, the shutters are opened, a light pulse is generated with the AOM and the shutters are closed again. This way the AOMs remain at almost constant temperature. The fiber coupling for Bragg beams was maximized for pulsed operation.
The fiber coupled optical power in each output is monitored with an in-line photo diode. This way we gain information about the potential intrinsic losses of each subsystem throughout the mission and during the ground operation. The detection and both Bragg fibers are directly guided to the experiment, whereas the 2D+ cooling, 3D cooling and 2D+/3D repumping light are overlapped in a 3 to 8 fiber based splitter system (see Figure 3e ). The splitter system is designed to overlap the repumping and cooling light with the necessary intensity ratios for the 2D+ and 3D MOT operation. The four beams for the 2D+ MOT have a ratio of 44%, 48.5%, 6% and 1.5% for the two transverse cooling beams, one pushing and one retardation beam, respectively, based on the design of a drop tower apparatus described in [27] . The polarization extinction ratio (PER) per individual fiber coupler is better than −23 dB. Four beams with a symmetric splitting ratio of 25% each are used for the 3D chip-MOT [34] . Fig. 4 The MAIUS laser system with one front cover removed. The science lasers are mounted on the bottom side of the heat sink and the Zerodur benches for switching and frequency stabilization are mounted on top. The dimensions are 340 mm×274 mm×227 mm and the total mass is 27 kg.
The laser system delivers 100 mW and 10 mW for cooling and repumping, respectively, to the 2D+ MOT and 105 mW and 10 mW for the 3D MOT. The power for each Bragg interferometry beam is higher than 8 mW. Thanks to the robust design of the laser system assembly no power stabilization techniques are required.
Assembled laser system
The subsystems presented above are integrated into one aluminum housing providing electrical interfaces to the laser electronics, as well as 11 optical fibers connected to the physics package. The main mechanical structure is a water cooled heat sink, to which all laser modules are mounted on the bottom side. The top side houses the Zerodur switching board, the spectroscopy module, the fiber splitter modules for distribution and frequency stabilization together with electronic parts for processing the microwave beat signals.
A picture of the assembled flight model is shown in Figure 4 . Its dimensions are 340 mm×274 mm×227 mm with a total mass of 27 kg. All instruments of the MAIUS payload are mounted to standardized platforms, each connected to the rocket hull by six brackets. These brackets contain a passive vibration isolation, which has been developed for MAIUS [25] .
The thermal design of the heat-sink results in a temperature increase by less than 2.5 K during the flight caused by the heat produced from the laser modules and radiation from the rocket hull, which is compatible with the temperature control system for the laser system. In laboratory environment the convection cooling is sufficient for the laser system to be operated without water cooling.
Qualification and sub system performance tests
The fully assembled laser system was subjected to a vibration acceptance test to simulate the load during the launch. All components beforehand successfully passed the qualification loads of 8.1 g RMS hard-mounted or even 29 g RMS in the case of the micro-integrated diode laser modules [30] . Second, a successfully completed rocket mission with a laser sub-system including the MAIUS reference laser and the spectroscopy cell assembly in April 2015 was performed. These tests and their results are presented below. In addition, we operated another reference laser based on modulation transfer spectroscopy (MTS) of rubidium aboard the TEXUS 53 mission in January 2016.
Vibration test
For the vibration test the complete, packaged laser system as depicted in Figure 4 , was mounted into a test rocket hull segment via shock mounts. The vibration load was set to the acceptance level of 5.4 g RMS . The standard test procedure starts and ends with a resonance scan (5 -2000 Hz, 0.25 g, 2 oct/min) for each axis. In between, the random vibration test lasts for 60 s with the specifications provided by the operator corresponding to 5.4 g RMS . These tests were conducted with the 2D+ science laser in operation. No degradation or malfunction of the optomechanical assembly was observed in the resonance scans.
To demonstrate the high intrinsic stability of the laser system even further the output power of the 2D+ MOT beam path, which is the longest path in the system, was monitored during the entire test cycle. Neither the output power of the MOPA module running at the working point around 780.24 nm nor the fiber output power showed any degradation during the vibration test. After the vibration test, the output power of the remaining paths were compared to their reference measurements done before transport to the shaker facility and showed no decrease within the measurement precision. Since the qualification of the laser system was completed, it has been operated as part of the MAIUS payload for more than 2 years. 
Precision Rubidium spectroscopy in space
To demonstrate a high technology readiness level (TRL) for the developed laser system technology, we successfully operated a subsystem assembly on a separate VSB-30 sounding rocket mission. A DFB laser and a spectroscopy bench identical to the ones used in the MAIUS laser system where built and launched as part of the FOKUS payload on the TEXUS 51 sounding rocket mission in April 2015 that was carried out at the Esrange Space Center, Sweden. FOKUS was built by Menlo Systems and includes a fiber based frequency comb. A picture of this piggyback payload is shown in Figure 5 .
Here, light from the DFB laser diode is fiber coupled and split with a 10:90 ratio using a fiber splitter. The larger part is used for the beat measurement with a frequency comb while the remaining laser light is guided to the Zerodur optical bench including a rubidium gas cell for stabilization of the laser frequency. The rubidium cell is placed inside a µ-metal shield to reduce frequency shifts.
The laser frequency was stabilized before lift-off onto the |F = 2 → |F = 2/3 crossover transition of 87 Rb using an automated locking scheme and the error signal of the frequency lock together with the DC transmission signal were monitored with a rate of 3 Hz during the flight. The flight data is shown in Figure 6 .
The laser frequency remained stabilized during the complete boost phase despite the high peak thrust acceleration of 8.1 g and more than 12 g during each motor separation [35] . At 330 s after lift-off the laser was intentionally scanned over the rubidium D2 line revealing its recognizable spectroscopic features and was relocked afterward. Full control over the laser's frequency was thereby demonstrated. After the payload recovery the reference module was switched on and locked again to demonstrate the functionality of the system. A report about the FOKUS experiment including the full description of the payload and the analysis of the frequency measurement between the comb and the DFB laser in context of a Local Position Invariance (LPI) pathfinder test in space is in preparation [36] . The successful mission results in a TRL 9 for sounding rocket missions [37] and shows that the presented technology used for the MAIUS laser system can be operated even in such harsh environments.
Conclusion
We presented a laser system based on micro integrated diode lasers for atom interferometry in space during a sounding rocket flight. The system passed all required tests for launch operation. Additionally, precision laser spectroscopy was performed during a sounding rocket flight using a simplified laser system. With a flight apogee of 258 km this is to our knowledge the first Doppler free laser spectroscopy experiment ever performed in space.
The laser system realized for the MAIUS mission, and in particular the technologies developed for its realization pave the way for potential future deployment of complex laser systems, required for atom interferometry based space geodesy, gravitational wave detection and quantum tests of the equivalence principle. The development of laser systems required for such space borne quantum sensors will also benefit compact and mobile atomic sensors on ground. The technology can easily be adapted to various wavelengths for applications with other atomic species.
